The rewiring of neural networks is a fundamental step in recovering behavioral functions after brain injury. However, there is limited potential for axonal plasticity in the adult CNS. The myelin-associated proteins Nogo, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp) are known to inhibit axonal plasticity, and thus targeting the inhibitory pathways they participate in is a potential means of promoting plasticity and functional recovery. Each of Nogo, MAG, and OMgp interacts with both the Nogo receptor (NgR) and paired immunoglobulin-like receptor B (PirB). Here, we determined whether blocking PirB activity enhances axonal reorganization and functional recovery after cortical injury. We found that axons of the contralesional corticospinal tract sprouted into the denervated side of the cervical spinal cord after unilateral injury of the motor cortex. The extent to which this axonal reorganization occurred was far greater in mice lesioned during early postnatal days than in mice lesioned at an age when myelin had begun to form. This suggests that myelin-associated proteins might limit axonal remodeling in vivo. However, the number of sprouting fibers within either the corticospinal or corticorubral tract was not enhanced in PirB Ϫ/Ϫ mice. Blocking PirB signaling also failed to enhance functional recovery with three motor tests. Our results suggest that blocking the function of PirB is not sufficient to promote axonal reorganization or functional recovery after cortical injury.
Introduction
Brain injuries, such as traumatic injury or stroke, often lead to devastating motor deficits. For restoration of impaired functions after cortical damages, axonal reorganization, including spared corticofugal projections, is required in the compensation for lost neural networks (Nudo, 2006; Murphy and Corbett, 2009; Benowitz and Carmichael, 2010) . However, in contrast to the developing CNS, the potential for axonal plasticity in the mature CNS is extremely limited. It has been believed that an inhibitory property of myelin is one of the main factors limiting axonal growth and plasticity (Yiu and He, 2006) . Three myelinassociated proteins have been identified as responsible for this inhibitory property: Nogo, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp) (Yamashita et al., 2005; Giger et al., 2008) . The inhibition of axonal growth by these proteins is mediated via the Nogo receptor (NgR) (Fournier et al., 2001; Domeniconi et al., 2002; Liu et al., 2002; Wang et al., 2002) . A number of studies have demonstrated enhanced axonal growth and plasticity after CNS injury by targeting NgR, e.g., after spinal cord injury Li and Strittmatter, 2003; Li et al., 2004 Li et al., , 2005 or cortical injury . However, despite this evidence, the function of NgR in vivo remains controversial. Indeed, two studies failed to show regeneration of corticospinal tract (CST) after spinal cord injury in NgR null mice Zheng et al., 2005) . These observations suggest that there is another receptor for the myelin-associated proteins.
It was recently reported that the paired immunoglobulin-like receptor (PirB) is a high-affinity receptor for Nogo, MAG, and OMgp (Atwal et al., 2008) . Besides an involvement of PirB in restricting ocular dominance plasticity in the postnatal brain (Syken et al., 2006) , Atwal et al. (2008) clearly demonstrated that a loss of PirB function partially reversed the inhibition of neurite outgrowth produced by myelin-associated proteins in vitro. These results suggest that PirB might contribute to the inhibition of axonal plasticity by myelin in vivo. If so, PirB might be an attractive target of therapies aiming to enhance axonal plasticity after brain injury. However, it remains to be shown whether inhibition of PirB signaling does indeed facilitate the recovery from injury in vivo.
In the present study, we aimed to reveal whether blocking the function of PirB enhances axonal remodeling and functional recovery after cortical injury. We focused on the newly sprout-ing axons from the corticorubral tract (CRT) and the CST, originated from the contralesional motor cortex and suggested to contribute to functional recovery (Chen et al., 2002; Lee et al., 2004; Takahashi et al., 2009; Benowitz and Carmichael, 2010) . We assessed the remodeling of these motor tracts and the functioning of an impaired forelimb following a unilateral injury in the motor cortex of PirB Ϫ/Ϫ mice.
Materials and Methods
Mice. Postnatal and adult C57BL/6J mice (male, wild type) were purchased from Charles River Japan. C57BL/6 strain mice deficient in PirB (PirB Ϫ/Ϫ mice) have been described previously (Ujike et al., 2002) . The sequences encoding the ectodomain and juxtamembrane domains of PirB were deleted to create PirB Ϫ/Ϫ mice. All experimental procedures were approved by the institutional committee of Osaka University.
Unilateral cortical ablation in developing mice. Unilateral lesions of the primary motor cortex were induced in postnatal [postnatal day 3 (P3), n ϭ 5; P9, n ϭ 6; P15, n ϭ 6; P21, n ϭ 5] and adult (8 weeks old, n ϭ 5) mice. Three-day-old mice were anesthetized on ice and older mice anesthetized with sodium pentobarbital (50 mg/kg, i.p.; Somnopentyl, Kyoritsu Shoji). The skull was exposed with a midline skin incision and bone overlying the left sensorimotor cortex area removed. Cortical ablation (depth: 0.7 mm in P3 mice; 1.0 mm in older mice) was performed by aspiration with a pipette. The wound was sutured and pups were returned to their mother. Sham-operated mice (in age groups the same as those of lesioned mice, n ϭ 5 in each) underwent the same surgical procedures except for cortical ablation.
Traumatic cortical injury in PirB Ϫ/Ϫ and wild-type mice. PirB Ϫ/Ϫ and wild-type adult mice (male, 8 weeks old, n ϭ 9 for each) were used. The mice were anesthetized with sodium pentobarbital and stabilized in a stereotaxic frame (Muromachi). The scalp was retracted and a 4 mm diameter circular craniotomy performed with a drill on the left side, with the center at 0 mm anteroposterior and 2 mm lateral to the bregma. A controlled cortical impact was made using a Pneumatic Impact Device (Amscien Instruments) with a 3.0 mm flat-tip diameter, as described previously (Onyszchuk et al., 2007) . The impact was made at a depth of 1.0 mm and a speed of 4.0 -4.5 m/s. The scalp was then sutured and closed and the mice left to wake from the anesthesia.
Anterograde labeling of the corticofugal projections. Two weeks after the cortical lesion or sham operation, mice were anesthetized (as above) and placed on a stereotaxic frame. The skull overlying the right primary motor cortex was carefully removed with a drill. To visualize the uninjured CST and CRT, the anterograde tracer biotinylated dextran amine (BDA) (molecular weight, 10,000; dilution, 10% in PBS; Invitrogen) was injected at 4 sites (0.4 l/site) within the forelimb motor area, as guided by a functional map of the motor cortex (Pronichev and Lenkov, 1998) .
Retrograde labeling of corticospinal and rubrospinal neurons. Retrobeads (Lumafluor), a fluorescent retrograde tracer, was injected into the cervical spinal cord. Intact mice were anesthetized as described above and stabilized in a stereotaxic frame. A midline incision was made above the cervical spine and the paraspinal muscles parted to reveal its aspect. A laminectomy was then performed to expose the dorsal aspect of the C6 segment of the spinal cord. Retrobeads (0.6 l) was injected into the right side of the C6 spinal gray matter (0.7 mm lateral and 0.5 mm deep) using a glass capillary. The animals were killed 7 d later.
BDA histochemistry and quantitative analysis of corticofugal projections. For the BDA tracing experiment, mice were killed 2 weeks after injection with BDA (4 weeks after cortical ablation, cortical impact, or sham operation). The mice were perfused transcardially with PBS followed by 4% paraformaldehyde in 0.1 M phosphate buffer. The brain and cervical spinal cord were dissected, postfixed in the same fixatives, and immersed overnight in PBS containing 30% sucrose. The brain and cervical cord specimens (C4 -C7) were then embedded in Tissue-Tek OCT and kept frozen at Ϫ80°C until use. Transverse sections (20 m thick) were prepared using a cryostat. The sections were blocked for 4 h in PBS supplemented with 0.3% Triton X-100 and then incubated for 2 h with Alexa Fluor 488-conjugated streptavidin (1:400; Invitrogen) in PBS.
Corticofugal projections from the uninjured primary motor cortex to the denervated gray matter in the cervical cord were quantitatively analyzed with fluorescence microscopy (Olympus BX51) at a magnification of 400ϫ. We counted the number of BDA-positive fibers that crossed the midline at the C4 -C7 levels in 10 (mice with cortical ablation) or 20 (mice with traumatic injury) sections for each vertebral level (40 or 80 sections in total, respectively). We also analyzed corticofugal projections to the contralateral red nucleus in mice with traumatic injury: BDApositive fibers crossing the midline at the level of the red nucleus were counted in each of 10 sequential sections for each mouse. To normalize interanimal differences in tracing, the number of fibers crossing the midline was divided by the total number of labeled dorsal CST fibers . The number of BDA-positive fibers in the dorsal CST was determined from images captured by a laserscanning confocal microscope (Olympus FV-1000) using ImageJ software (NIH).
Quantification of lesion volume. For the assessment of brain lesion volume, coronal sections (40 m thick) of the brain were stained with cresyl violet (Nissl stain; Sigma). The area of lost tissue in each of 5-7 sections (spaced 0.5 mm apart) was measured using Photoshop software (Adobe Systems) and the total lesion volume calculated as described previously (Onyszchuk et al., 2007) .
Tissue staining. For immunostaining of MAG, myelin basic protein (MBP), PirB, and protein kinase C␥ (PKC␥), sections (20 m thick) were blocked with 5% bovine serum albumin (BSA; Sigma) and 0.1% Triton X-100 in PBS and incubated with mouse anti-MAG (1:200, Millipore Bioscience Research Reagents), rat anti-MBP (1:100, Abcam), rat antiPirB (5 g/ml, R&D Systems), or rabbit anti-PKC␥ (1:500, Santa Cruz Biotechnology) antibodies overnight at 4°C. As the secondary antibodies, Alexa 488 anti-mouse IgG (1:500, Invitrogen), Alexa 488 or 568 anti-rat IgG (1:500, Invitrogen), and Alexa 568 anti-rabbit IgG (1:500, Invitrogen) were used. For the staining of myelin, unblocked tissue sections were incubated with FluoroMyelin Green (1:300, Invitrogen) (Wu et al., 2006) for 20 min. Images were acquired using a laser-scanning confocal microscope (Olympus FV-1000) or fluorescence microscopy (Olympus BX51).
Behavioral tests. Affected forelimb use was assessed using cylinder, staircase, and gridwalking tests. The cylinder test evaluates forelimb use during spontaneous vertical exploration within a cylinder (Baskin et al., 2003; Starkey et al., 2005) . Mice were placed in a cylinder (9 cm in diameter and 15 cm high) and recorded with a video camera. We counted the number of contacts with the cylinder wall made during a full rear by the left and right forelimbs independently and by both forelimbs simultaneously. During a rear, if immediately after simultaneous contact one forelimb (e.g., the right forelimb) made several contacts or dropped, both "both" and "left" were recorded. A total of 20 movements were recorded. Cylinder test performance was scored as (impaired right forelimb use ϩ both forelimbs use)/total use. The cylinder test does not require pretraining but was performed once by each animal before surgery to obtain a baseline score.
The staircase test assesses skilled forepaw use (Montoya et al., 1991; Baird et al., 2001; Starkey et al., 2005) . Food was restricted overnight before the morning on which the test was performed. Mice were placed in a staircase apparatus (Melquest) in which two food pellets (6 -10 mg) had been placed on each step of the stair (eight steps/side). Each testing period lasted 30 min and the total number of pellets retrieved with the affected right forepaw was counted. Mice were trained for 10 d before receiving their injury and those that could not retrieve five pellets were excluded from the experiments.
The grid-walking test assesses the ability to accurately place the forepaws on the rungs of a grid during spontaneous exploration (Zhang et al., 2002; Starkey et al., 2005) . Mice were placed on a wire grid (200 ϫ 240 mm) with 12 mm square holes and allowed to freely explore for 3 min. Performance was recorded with a video camera. The number of footslips of the impaired right forepaw was assessed as a percentage of the first 50 steps. A footslip was scored either when the paw completely missed a rung (in which case the limb fell between rungs and the animal lost balance) or when the paw was correctly placed on a rung but slipped off when bearing body weight. Pretraining on the gridwalking test is not necessary, but each animal was tested once before surgery to obtain a baseline score.
Statistics. All data are presented as mean Ϯ SEM. The number of midline-crossing fibers was compared between cortical ablation and sham-operated mice using one-way ANOVA followed by post hoc Tukey-Kramer (for age group comparisons) and Student's t (ablation vs sham within each age group) tests. Differences in midline sproutingfiber numbers and lesion volumes between the wild-type and PirB Ϫ/Ϫ trauma-injury mice were investigated using Student's t test. All behavioral data were compared using repeated-measure ANOVA followed by a post hoc Tukey-Kramer test. A p value of Ͻ0.05 was considered statistically significant. Myelin was not detectable at P3 (A) but had appeared in the white matter by P8 (B). There was then a rapid progression of myelination to P14 and beyond, mainly in the white matter (C-E). F-J, Expression of MAG in the postnatal and adult spinal cord. At P3, MAG was detectable in both white and gray matter, but at quite low levels in the latter and dorsal CST (F ). By P8, MAG expression had increased in the gray matter, albeit in a sparse pattern, but not in the dorsal CST (G). MAG expression appeared in the dorsal CST at P14 (H ). MAG expression was observed intensely in the white and gray matter at P21 and in the adult (I, J ). 
Results
An association between myelin levels and axonal reorganization after cortical injury Compared to neural circuits in the mature CNS, it is considered that those in the developing CNS have a much greater potential for plasticity due to immature myelin formation (Schwab and Bartholdi, 1996) . However, there are no reports showing how myelin formation relates to axonal reorganization after cortical injury at different stages of development. In the first of our experiments, we examined compensatory axonal sprouting of intact CST fibers after unilateral ablation of the motor cortex in variously aged postnatal (P3, P9, P15, and P21) and adult (8 weeks old) mice. The intact CST was labeled by injecting the anterograde tracer BDA into the contralesional motor cortex. We found remarkable levels of axonal arbor sprouting into the denervated side of cervical cord gray matter 4 weeks after the cortical lesion was produced (Fig. 1 A) . For all age groups, the number of axons crossing the midline was significantly greater in lesioned mice than in sham-operated mice (Fig. 1 B) ( p Ͻ 0.01 for P3 and P9 mice, p Ͻ 0.05 for all older groups). The extent of CST reorganization was high if mice were lesioned at or before P15 but declined if they were lesioned thereafter (Fig. 1 B) ( p Ͻ 0.05 for P15 vs P21).
We next investigated myelin formation in the postnatal spinal cord to reveal the relationship between myelin formation and CST reorganization across different stages of development. FluoroMyelin was used to visualize myelin. Myelin was not detectable at P3 (Fig. 2 A) but was present in the white matter at P8 (Fig.  2 B) . Compared to other regions in which white matter develops, myelination was delayed in the dorsal funiculus, where the main CST located, first appearing at P14 (Fig. 2C-E) . We then examined the expression of two myelin-related proteins, MAG and MBP. MAG was detectable in both white and gray matter at P3 (Fig. 2 F) , but its expression was quite low in gray matter and the dorsal funiculus. MAG expression had increased in the gray matter by P8 but was sparse, with there being a pattern of MAGnegative areas (Fig. 2G) . MAG expression in the dorsal funiculus had increased by P14 (Fig. 2 H) . There was then a rapid progression of MAG expression in the gray matter by P21 (Fig. 2 I) . In adult mice, there was a prominent and dense expression of MAG observed in both gray and white matter (Fig. 2 J; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). MBP immunostaining exhibited broadly similar expression pattern in development with MAG ( Fig. 2 K-O) . These results are consistent with the hypothesis that axonal plasticity was high during periods in which myelin formation was immature. Thus, it is conceivable that myelin-associated axonal growth inhibitors may limit axonal plasticity after cortical injury in adulthood, although several other factors, such as the cell-intrinsic mechanisms, might also contribute to the limitation of axonal plasticity (Benowitz and Carmichael, 2010; Sun and He, 2010) .
PirB expressed in corticospinal and rubrospinal neurons
The presumption that myelin-associated proteins inhibit axonal reorganization after cortical injury prompted us to investigate whether blocking these inhibitory signals by blocking PirB activity enhances axonal plasticity and functional recovery. We first examined PirB expression in corticospinal and rubrospinal neurons, which regulate motor function. Retrobeads was injected into the cervical cord at C6 and labeled corticospinal neurons in layer V of the motor cortex (Fig. 3 A, D) and rubrospinal neurons in the magnocellular part of the red nucleus (Fig. 3G,J ) . In wild-type mice, neurons in both of these regions were found with immunostaining to express PirB (Fig. 3 B, H ) . In merged images of those, expression of PirB was found in most of the Retrobeadslabeled rubrospinal neurons (Fig. 3I ) but only a small population of Retrobeadslabeled corticospinal neurons (Fig. 3C) . In PirB Ϫ/Ϫ mice, we found no detectable signals of PirB in either region (Fig.  3 E, F, K, L) . We further investigated the expression of PirB in the adult spinal cord. However, PirB expression was undetectable in either white or gray matter of wildtype mice (Fig. 3M ).
Axonal sprouting in the CST and CRT after traumatic cortical injury was not enhanced in PirB
؊/؊ mice We tested the effect of blocking PirB activity on axonal reorganization and functional recovery after traumatic brain injury by delivering a controlled cortical impact to PirB Ϫ/Ϫ mice (Fig. 4 A) . As shown in Figure 4 B, there was complete destruction of the sensorimotor cortex 4 weeks after traumatic brain injury. There were no significant differences in brain lesion volume (determined from Nisslstained coronal brain sections) between the wild-type and PirB Ϫ/Ϫ mice (Fig. 4C ). To determine whether the cortical impact led to a complete destruction of the CST, cervical spinal cord was stained with PKC␥, a marker of the CST, at 1 week after the injury (Bradbury et al., 2002) . In sham control mice, PKC␥ immunoreactivity was present bilaterally in the dorsal CST of the cervical spinal cord (data not shown). In lesioned mice, PKC␥ immunoreactivity disappeared in the right dorsal CST originating from the injured left motor cortex (Fig. 4 D) , which suggests that the cortical impact resulted in complete destruction of the CST.
Unilateral lesions of the motor cortex induce neuroanatomical changes in contralesional corticofugal projections, including the CST and CRT (Benowitz and Carmichael, 2010) (Fig. 4 A) . These newly formed neural circuits are highly correlated with functional recovery after cortical injury. Furthermore, using the present injury model, we recently found that axonal sprouting in the corticofugal tract helped form new neural networks that contributed to functional recovery after cortical injury (M. Ueno and T. Yamashita, unpublished data). We thus analyzed corticofugal projections that crossed the midline into the denervated side of the red nucleus (CRT) and cervical cord (CST) 4 weeks after injury in PirB Ϫ/Ϫ mice. Prominent midline-crossing axons were observed after cortical destruction at the red nucleus (Fig. 5 A, C) and cervical cord (Fig. 5 B, D) level in both groups of mice, as observed after the injury by cortical ablation (Fig. 1) . However, the number of midline-crossing axons did not differ significantly A, Schematic illustration of corticofugal projections from the primary motor cortex and the experimental procedures. Traumatic injury to the sensorimotor cortex disrupted both the CST and CRT (dotted lines). BDA was injected into the contralesional motor cortex 2 weeks after the injury. The black arrow shows axons of the intact CST or CRT sprouting and crossing the midline into the denervated side. B, Representative Nissl-stained coronal sections of brain injured by a pneumatic impactor. Sensorimotor cortex was specifically destroyed. Scale bar, 1 cm. C, Measurement of lesion volume in wild-type and PirB Ϫ/Ϫ mice. There were no significant differences between the groups. D, Immunostaining for PKC␥ in the cervical spinal cord at 1 week after the cortical injury. PKC␥ immunoreactivity completely disappeared in the right dorsal CST originating from the injured motor cortex. Arrowheads indicate the left intact CST from the uninjured motor cortex. Scale bar, 200 m.
between PirB Ϫ/Ϫ (Fig. 5C-F ) and wild-type (Fig. 5 A, B , E, F ) mice. These results indicate that blocking PirB activity is not sufficient to promote axonal reorganization, at least in corticofugal projecting axons in vivo.
Behavioral recovery after traumatic cortical injury was not enhanced in PirB
؊/؊ mice We assessed the functional recovery of wild-type and PirB Ϫ/Ϫ mice with three motor tests on the second postoperative day and then once a week for 4 weeks. The cylinder test was the first test used, and in which independent use of an affected forelimb to contact the interior cylinder wall during a rear is analyzed. On the second postoperative day, both groups showed marked deficits in contralesional right forelimb use (Fig. 6 A) . The frequency of impaired forelimb use gradually increased across the following 4 weeks, indicating a degree of recovery from the neurological deficit. However, there were no differences between the groups in the extent or speed of recovery. In the second motor test, the staircase test, food-restricted mice were placed in a staircase apparatus in which food pellets had been placed on each step. The number of food pellets retrieved with the impaired right forepaw was counted. On the second postoperative day, none of the mice in both of the groups performed well in retrieving pellets with the impaired forepaw (Fig. 6 B) . Performance gradually improved to some extent in both groups over the following 4 weeks, though there were no significant differences in the extent or speed of this improvement between the groups. In the third motor test, the grid-walking test, mice were placed on a wire grid with square holes and allowed to explore freely. We analyzed the percentage number of steps (out of 50) on which there was a footslip of the impaired right forepaw. On the second postoperative day, mice in both the groups showed marked deficits in their ability to accurately place the impaired forelimb, with the mean percentage of footslips being ϳ17% (Fig. 6C ). This percentage value gradually decreased over the following 4 weeks in both the groups. However, there were no differences between the groups in the extent of this recovery or the speed at which it occurred. The results of behavioral testing indicate that blocking PirB activity did not promote functional recovery.
Discussion
We found that the extent to which the intact CST sprouted into the denervated side of the cervical cord after unilateral cortical ablation was significantly less in mice lesioned on P21 than in mice lesioned on P15. This suggests that P15 or thereabouts marks the end of a critical period for CST plasticity, which tallies well with our finding that myelination of the CST and axons in the gray matter rapidly progressed after P14. Consistent with our observations, it has been reported that axonal sprouting after a unilateral CST lesion is relatively more extensive in myelin-free (neonatal X-irradiated) rats, in whom it occurs even if the lesion is made after P21 (Vanek et al., 1998) . In terms of explaining the inverse relationship between myelin formation and axonal sprouting, we hypothesized that factors associated with myelin suppress plasticity. We tested this hypothesis by assessing the involvement of signals elicited by three myelin-associated axonal growth inhibitors in CST plasticity. However, we found that deletion of PirB did not enhance axonal reorganization in the CST or functional recovery after cortical injury. This suggests that other inhibitory signals need to be blocked and/or growth-stimulating signals provided to promote axonal reorganization in the CNS. Some of the other inhibitory signals could involve MAG and an N-terminal region of NogoA, which can act through an integrin-related mechanism (Hu and Strittmatter, 2008) . MAG also provides inhibitory signals via NgR2 and gangliosides (Schnaar and Lopez, 2009) , D) , respectively. Robust midline-crossing axons were observed at both levels 4 weeks after injury in wild-type (A, B) and PirB Ϫ/Ϫ mice (C, D). The asterisk and arrowheads indicate the intact side of the red nucleus and CRT fibers, respectively. Scale bars, 100 m. E, F, The number of axons crossing the midline in the midbrain (E) or cervical cord (C4 -C7) (F ) 4 weeks after injury, normalized by the total number of labeled dorsal CST fibers. Data are presented as mean Ϯ SEM. There were no significant differences between the groups at either the midbrain or cervical level. 2008) is expressed in myelin and has been shown to inhibit axonal growth. Supporting this, disrupting the activity of repulsive guidance molecule (RGM) or the ephrin-B3 receptor EphA4 promoted axonal regeneration after spinal cord injury in vivo (Goldshmit et al., 2004; Hata et al., 2006) .
A number of studies have shown that axonal sprouting after CNS lesions is more extensive during early postnatal days than during adulthood (Reinoso and Castro, 1989; Kuang and Kalil, 1990; Ono et al., 1990) . Our results reveal that the potential for axonal sprouting declines with age on a time course parallel to that of myelination and MAG expression. The time course of myelination observed in the present study is consistent with the finding of a previous study using immunostaining for the major myelin components, including MBP, that myelin formation in the gray matter and the dorsal CST starts at around P11 in rats (Schwab and Schnell, 1989) . Further, Western blot studies have shown that MAG expression dramatically increases after P14 (Fujita et al., 1998; Cho et al., 2005) . Our results on MAG expression are also consistent with those of the MAG mRNA expression reported previously (Jordan et al., 1989) .
In present study, we used focal cortical injury model and focused on two corticofugal pathways, CRT and CST, originating from uninjured sensorimotor cortex. Previous studies have shown that significant bilateral innervations are induced by intact CRT and CST in cortical photothrombosis model or focal cortical infarct model (Zai et al., 2009) , and these midline-crossing axons sprouted from intact CRT and CST have shown to be highly correlated with functional recovery after cortical injury. In our model, although the CST in the injured side was completely broken down, CRT might be depredated only partially because previous retrograde tracing study shows that CRT neurons were found homogenously throughout greater extent of the large cortical area than those of CST (Akintunde and Buxton, 1992) . Despite this incomplete injury of CRT, enhanced midline crossing CRT fibers have been demonstrated following focal cortical ischemia and middle cerebral artery occlusion (Papadopoulos et al., 2002; Seymour et al., 2005) .
While blocking PirB activity was found to reduce the myelinassociated inhibition of neurite outgrowth in cultured cerebellar neurons (Atwal et al., 2008) , it is possible that PirB does not play a critical role in inhibiting axonal plasticity in the mouse cortical injury model. One reason for thinking this is our finding that PirB was expressed in only a subset of CNS neurons. While PirB was expressed partly in sensorimotor cortex neurons, only a small population of corticospinal neurons showed positivity for PirB (Fig. 3A-C) . Moreover, immunostaining revealed that PirB expression was not observed in the adult spinal cord (Fig. 3M ) . We also have found that PirB expression in the adult mouse brain and spinal cord is too low to be detected by Western blotting without immunoprecipitation (data not shown).
PirB was originally identified as a receptor involved in pathways inhibiting the immune response (Takai and Ono, 2001) . Consistent with this, it had been shown in PirB Ϫ/Ϫ mice that immune cells, including neutrophils and macrophages, are continuously hyperactive (Takai, 2005) . It is possible that hyperactivated neutrophils or macrophages (blood-derived macrophages or resident microglia) exacerbate secondary tissue damage after a cortical lesion (Hailer, 2008; Jin et al., 2010) . However, we did not observe an exacerbation of secondary damage, in terms of lesion volume, in PirB Ϫ/Ϫ mice (Fig. 4C ). There is currently insufficient information concerning immune responses after CNS lesions in PirB Ϫ/Ϫ mice, and it remains unknown whether the genetic deletion of PirB has effects on tissue damage or motor function after cortical injury.
